Abstract. Osteosarcoma (OS), a malignant mesenchymal sarcoma, is the most frequent primary bone tumor, with a peak incidence in young children and adolescents. The downregulation of microRNA-145 (miRNA/miR-145) has previously been identified to be associated with the aggressiveness and metastasis of OS. However, the detailed regulatory mechanism by which miR-145 inhibits OS remains largely unknown. The present study demonstrated that miR-145 was significantly downregulated in OS tissues and KHOS and U2OS cell lines. Rho-associated protein kinase 1 (ROCK1), a key regulator of actin cytoskeleton reorganization, was identified as a novel target of miR-145. Ectopic expression of miR-145 notably suppressed the protein expression of ROCK1 without affecting its mRNA level. Furthermore, the expression of ROCK1 was significantly increased in the OS tissues and in the KHOS and U2OS cells. It was further demonstrated that the overexpression of miR-145 downregulated KHOS and U2OS cell proliferation and invasion, which was reversed by restoration of ROCK1. To the best of our knowledge, the present study demonstrates for the first time that, as a tumor suppressor, miRNA-145 inhibits OS cell proliferation and invasion, at least in part by directly targeting ROCK1. These results indicate that miR-145 may be a potential candidate for the diagnosis and treatment of OS.
Introduction
Osteosarcoma (OS) mainly arises from the metaphysis of the long bones of adolescents and young adults. OS is the most common primary malignant tumor and is associated with high morbidity (1) . Despite wide tumor excision combining multi-agent chemotherapy and radiotherapy, the five-year survival rate of patients with recurrent or metastatic OS remains at ~30% (2) . Although recent studies have focused on the molecular pathogenesis of OS (3), its detailed molecular mechanisms have not been fully elucidated. As a result, the identification of novel molecular candidates and/or targets is crucial for the development of effective therapeutic strategies to improve the prognosis of OS.
microRNAs (miRNA/miRs) are small non-coding RNA molecules with 18-25 nucleotides, which mainly negatively regulate gene expression by suppressing translation via binding to the 3' untranslated region (3'UTR) of their target genes (4) . Previously, miRNAs have been demonstrated to have crucial roles in various physiological and pathological processes, including the development and progression of malignant tumors (5) . In fact, it has been demonstrated that miRNAs function as oncogenes or tumor suppressors in cellular proliferation, apoptosis, differentiation, migration and invasion in various cancer cells (6, 7) . Despite indications that several miRNAs, including miR-20a, miR-199a-3p, miR-143 and so forth, are involved in the development and progression of OS (8) (9) (10) , their exact role remains largely unknown. Previously, miR-145 was identified as a tumor-suppressive miRNA in multiple types of cancers, including lung, glioma, ovarian, colon, gastric, bladder, prostate and breast cancer, as well as in OS (11) (12) (13) (14) (15) (16) (17) . However, the detailed regulatory mechanism underlying the effects of miR-145 in OS cells remains unclear.
Rho-associated protein kinase 1 (ROCK1) is a serine/threonine protein kinase that has been demonstrated to have a critical role in regulating the actin cytoskeleton (18) . Through phosphorylation of downstream substrates, ROCK1 is able to promote actin filament stabilization and actin-myosin contractility (19) . Recently, several studies demonstrated that the expression of ROCK1 was increased in several types of malignant tumors (20) . Notably, its upregulation was correlated with the poor prognosis of patients with OS (21) . Accordingly, ROCK1 may become a promising therapeutic target for OS, and further studies on its actions in OS are consequently urgently required.
This study aimed to investigate the role of miR-145 in the regulation of OS in vitro as well as the underlying molecular mechanisms. Cell culture. The human OS cell lines, KHOS and U2OS, were obtained from the American Type Culture Collection (ATCC; Rockville, MD, USA). The cells were cultured in RPMI-1640 with 10% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin in a humidified atmosphere containing 5% CO 2 at 37˚C.
RNA extraction and quantitative (q)PCR.
For the mRNA expression assay, total RNA was extracted from the tissues and cells using TRIzol in accordance with the manufacturer's instructions. Reverse transcription PCR was performed with the PrimeScript RT reagent kit. qPCR was performed using SYBR Premix Ex Taq II. The ROCK1-specific primer sequences were as follows: 5'-GGTGGTCGGTTGGGGTAT TTT-3' (forward) and 5'-CGCCCTAACCTCACTTCCC-3' (reverse). β-actin was used as an endogenous control and its primer sequences were as follows: 5'-CTCCATCCTGGCCT CGCTGT-3' (forward) and 5'-GCTGTCACCTTCACCGTT CC-3' (reverse). For the miRNA expression assay, miRNAs were isolated by the miRNeasy Mini kit. Following this, the TaqMan MicroRNA Assays kit was used to determine the miRNA expression on a 7500 Fast Real Time PCR system (Applied Biosystems, Carlsbad, CA, USA). The universal small nuclear RNA, U6, was used as an endogenous control. For each sample, independent experiments were repeated three times. The relative expression levels of mRNA and miRNA were analyzed by use of the 2 -ΔΔCt method.
Transfection. For transfection, 1x10 5 cells were harvested and seeded in a 24-well plate, and cultured for 24 h. Prior to transfection, the media was replaced to become serum free. Lipofectamine 2000 was used to transfect the miRNA or pcDNA3.1(+)-ROCK1 plasmid into the cells, according to the manufacturer's instructions. At 6 h post-transfection, the transfection medium was replaced by complete medium. The cells were then cultured in a humidified atmosphere containing 5% CO 2 at 37˚C for 48 h.
Luciferase reporter assay. The 3'-UTR of ROCK1 containing the miR-145 binding site was cloned into the psiCHECK2 luciferase reporter vector using the following primers: 5'-CGC GGCCGCTAGTCTGTGGAATCGTGTGGGAT-3' (forward) and 5'-ATCCCACACGATTCCACAGACTAGCGGCCGCGA GCT-3'. The mutant 3'-UTR of ROCK1 was generated using a QuikChange Site-Directed Mutagenesis kit. This mutant 3'-UTR of ROCK1 had a substitution of three nucleotides (UGG to GTT) within the seed region of the miR-145 binding site. The miR-145 mimic was then co-transfected with the psiCHECK2 vector inserted, with the wild-type or mutant-type 3'UTR of ROCK1, into the KHOS and U2OS cell lines, respectively, by Lipofectamine 2000 according to the manufacturer's instructions. At 48 h post-transfection, the luciferase activity for each sample was determined by the Dual-Luciferase Reporter Assay system according to the manufacturer's instructions. All experiments were performed in triplicate. Renilla luciferase was used for normalization.
Western blotting. The tissues and cells were solubilized in cold radioimmunoprecipitation assay lysis buffer. The concentration of protein lysate was determined by protein assay reagents. Following this, the protein was separated with 12% SDS-PAGE. The protein from each line was then transferred to a PVDF membrane, which was blocked in 5% skimmed dried milk in phosphate-buffered saline (PBS) at 4˚C overnight. According to the manufacturer's instructions, the membrane was incubated at room temperature for 3 h with mouse anti-ROCK1 monoclonal antibody (1:400) or mouse anti-β-actin monoclonal antibody (1:200), respectively, and then with goat anti-mouse secondary antibody (1:20,000) for 1 h. An enhanced chemiluminescence reagent was used to detect the signals on the membranes. The data were analyzed by densitometry using Image-Pro plus software 6.0 (Media Cybernetics, Rockville, MD, USA) and normalized to β-actin expression.
Cell proliferation assay. A cell proliferation assay was performed with MTT (Sigma-Aldrich, St. Louis, MO, USA), according to the manufacturer's instructions. Briefly, 1x10 4 cells/well were plated in a 96-well plate. The plates were incubated for 24 h in a humidified atmosphere containing 5% CO 2 at 37˚C. Following this, 50 µl MTT (5 mg/ml) in PBS was added and incubated for 4 h in a humidified atmosphere containing 5% CO 2 at 37˚C. Next, 150 µl DMSO was added following removal of the supernatant. A microplate reader (Bio-Rad) was used to determine the absorbance at 570 nm. Each assay was performed in triplicate wells and repeated three times.
Invasion assay. According to the manufacturer's instructions, the cell suspension containing 5x10 5 cells/ml was prepared in serum free medium. For the invasion assay, 500 µl RPMI-1640 containing 10% FBS was added into the lower chamber. Next, 300 µl of the cell suspension was added into the upper chamber. Following incubation for 24 h, a cotton-tipped swab was used to gently remove non-invading cells and the ECMatrix gel from the interior of the inserts. A total of 500 µl of staining solution was added to the unoccupied wells of the plate. Invasive cells on the lower surface of the membrane were stained by dipping inserts in the staining solution for 20 min, and then rinsed with water and dried in the air. The cells were counted by capturing images of the membrane through a microscope.
Statistical analysis. SPSS 19.0 was used to perform the statistical analysis (IBM, Armonk, NY, USA). All data are presented as the mean ± standard deviation of at least three samples. One-way analysis of variance or Student's t-test was applied to perform the statistical analysis. P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of miR-145 is reduced in OS tissues and in KHOS
and U2OS cells. qPCR was applied to examine the expression of miR-145 in the tissues of 18 cases of primary OS and their matched non-cancerous bone tissues. As demonstrated in Fig. 1A , the miR-145 level was significantly downregulated in the OS tissues compared with their matched non-cancerous bone tissues. Furthermore, the miR-145 expression in the OS cell lines, KHOS and U2OS, was investigated and found to be notably decreased compared with the expression in the normal bone tissues (Fig. 1B) . Accordingly, these results indicate that miR-145 may have a suppressive role in the development of OS.
ROCK1 is a target gene of miR-145. Next, a bioinformatical analysis was performed to investigate the targets of miR-145, which may be crucial in OS. Several predicative software, including TargetScan (http://www.targetscan.org/), demonstrated that ROCK1 is a potential target based on putative target sequences at the 3'UTR position of ROCK1 ( Fig. 2A) . Since ROCK1 has been demonstrated to be involved in OS cell proliferation, migration and invasion, it was hypothesized that ROCK1 may also be involved in miR-145-mediated biological processes in OS cells. To investigate this hypothesis, the expression of ROCK1 was examined in OS tissues and KHOS and U2OS cells. As demonstrated in Fig. 2B , the mRNA expression of ROCK1 was significantly increased in the OS tissues compared with their matched non-cancerous bone tissues. Furthermore, the protein level of ROCK1 was also upregulated in the KHOS and U2OS cells compared with the normal bone tissues (Fig. 2C) . To further reveal the suppressive effect of miR-145 on ROCK1 expression, an miR-145 mimic was transfected into the KHOS and U2OS cells, and the mRNA and protein levels of ROCK1 were examined. As demonstrated in Fig. 2D , miR-145 inhibited the ROCK1 the protein level compared with the control and negative control groups. However, it had no effect on ROCK1 mRNA expression, which indicated that miR-145 has an inhibitory role in ROCK1 expression at a post-transcriptional level. Therefore, a luciferase activity assay was performed to confirm this. As demonstrated in Fig. 2E , co-transfection of 293T cells (ATCC) with miR-145 and wild-type ROCK1 3'-UTR led to a marked decrease in the luciferase activity, while co-transfection with miR-145 and mutant ROCK1 3'-UTR had no such effect. Therefore, ROCK1 was identified as a target gene of miR-145.
ROCK1 is involved in the miR-145-induced inhibition of cell proliferation of KHOS and U2OS cells.
To further study the roles of miR-145 and ROCK1 in the OS cells, a cell proliferation assay was performed to determine the effects of miR-145 and ROCK1 overexpression on KHOS and U2OS cell proliferation. As demonstrated in Fig. 3A , co-transfection with miR-145 and ROCK1 attenuated the suppressive effect of miR-145 on ROCK1 protein expression. Furthermore, the cell proliferation assay data revealed that miR-145 significantly inhibited KHOS and U2OS cell proliferation compared with the controls. However, ROCK1 overexpression effectively reversed the miR-145-induced suppression of KHOS and U2OS cell proliferation (Fig. 3B ). These data indicate that miR-145 inhibited OS cell proliferation, at least in part by downregulating ROCK1 protein expression.
ROCK1 overexpression reverses the inhibitory effects of miR-145 on KHOS and U2OS cell invasion.
Next, the roles of miR-145 and ROCK1 in OS cell invasion were investigated. The results revealed that miR-145 significantly inhibited KHOS and U2OS cell invasion compared with the control groups. However, ROCK1 attenuated the suppressive effect of 
Discussion
To the best of our knowledge, the present study reveals for the first time the regulatory mechanism of miR-145 and ROCK1 in the proliferation and invasion in OS cells. It was identified that miR-145 was frequently downregulated in the OS tissues and in the two cell lines, KHOS and U2OS. Furthermore, ROCK1 was identified as a novel target of miR-145 and it was demonstrated that the expression of ROCK1 was frequently reduced in OS tissues and cell lines. Furthermore, miR-145 significantly suppressed the protein expression of ROCK1 in the KHOS and U2OS cells. Following this, it was demonstrated that miR-145 overexpression suppressed OS cell proliferation and invasion, which was abrogated by the upregulation of ROCK1. Accordingly, these results indicate that miR-145 acts as a tumor-suppressor, at least in part by directly targeting ROCK1. In fact, accumulating evidence has demonstrated that miR-145 has a suppressive role in multiple types of cancer, including lung, prostate, breast, glioma, gastric, bladder, ovarian and colon cancer, and in OS (11-17) . However, data on the precise role of miR-145 in OS is limited. Recently, Fan et al Western blot analysis data revealing that miR-145 significantly downregulated the protein expression of ROCK1 in the KHOS and U2OS cells. However, miR-145 had no effect on the mRNA expression of ROCK1 in the KHOS and U2OS cells. Control, cells without transfection; NC, cells tranfected with negative control miRNA. (E) Luciferase report assay data demonstrating that co-transfection of 293T cells with miR-145 and wild-type ROCK1 3'-UTR led to a marked decrease in luciferase activity. However, co-transfection with miR-145 and mutant ROCK1 3'-UTR had no effect on luciferase activity, and co-transfection with the NC miRNA and wild-type ROCK1 3'-UTR or mutant ROCK1 3'-UTR also demonstrated no difference. Control, 293T cells co-transfected with the blank vector and wild type ROCK1 3'-UTR or mutant ROCK1 3'-UTR. demonstrated that the expression of miR-145 was significantly reduced in OS tissues, and that the overexpression of miR-145 inhibited invasion, which was consistent with the findings of the present study (22) . The study further demonstrated that miR-145 inhibited the angiopoiesis of OS, the mechanism of which involves its inhibitory effect on VEGF expression. Tang et al also identified that miR-145 was frequently downregulated in OS tissues, and that the down regulation of miR-145 was associated with OS aggressiveness and metastasis (17) . Furthermore, the study also identified that OS patients with low miR-145 expression had poorer overall and disease-free survival times, indicating that miR-145 may be an independent prognostic marker for OS patients (17) . As the present study identified ROCK1 as a novel target of miR-145 and found that miR-145 inhibited OS cell proliferation and invasion partially by downregulating ROCK1, these results expand our understanding of the molecular mechanisms by which miR-145 is involved in the regulation of the biological properties of OS cells.
It has been well established that the reorganization of the actin cytoskeleton has effects on cellular proliferation, adhesion and migration (23, 24) . ROCK1 may be activated by binding to the active guanosine triphosphate-bound form of Rho, further interacting with the actin cytoskeleton, and therefore has a key role in cytoskeletal reorganization (25) . Recently, Liu et al demonstrated that ROCK1 was highly expressed in OS tissues, and its upregulation was correlated with the poor prognosis of patients with OS (22) . Furthermore, the forced inhibition of ROCK1 by siRNA suppressed cellular proliferation and viability, while inducing the apoptosis of OS cells (22) . To the best of our knowledge, the present study demonstrates for the first time that ROCK1 is involved in the miR-145-induced inhibition of proliferation and the invasion of OS cells. Zhou et al recently found similar results, in that miR-340 suppressed OS growth and metastasis by directly targeting ROCK1 (26) . Based on this accumulative evidence, it is indicated that ROCK1 has a crucial role in the development and progression of OS. 
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In conclusion, the present study demonstrated that miR-145 was downregulated in the OS tissues and cell lines, and that its ectopic expression suppressed cell proliferation and invasion, at least partly by directly inhibiting the protein expression of ROCK1, which was identified as a novel target of miR-145. Therefore, miR-145 and ROCK1 are indicated to be novel promising candidates for developing effective therapeutic strategies for the treatment of OS.
